Tetraploid (4n) embryo complementation assay has shown that embryonic stem (ES) cells alone are capable of supporting embryonic development (ES mouse), allowing the recovery of mouse lines directly from cultured ES cell lines. Although the advantages of this technique are well recognized, it remains inefficient for generating ES mice. In the present study, we investigated the effects of cell number of host 4n embryos on the production of ES mice. Four independent ES cell lines (two general ES cell lines and two nuclear transfer-derived ES cell lines) were used, and each cell line was aggregated with single (13) to triple (33) host 4n embryos. We found that birth rate of ES mice using 13 4n embryos was quite low (0-2%) regardless of cell line, whereas except for one cell line, approximately 6-14% of embryos developed to full term in the case of 33 4n embryos. Contamination of host 4n cells in ES mice was quite rare, being comparable to that generated using general methods even if they were delivered from 33 4n host embryos. These results demonstrate that the use of 33 4n embryos is effective for generating ES mice. Our technique described here will be applicable to any ES cell line, including general ES cell lines used for gene targeting.
INTRODUCTION
Embryonic stem (ES) cells are widely used for generating genetically modified mice because of two characteristic properties: homologous recombination that frequently occurs in ES cells, and differentiation of ES cells into germ cells in chimeric mice [1] . To generate the progeny derived from ES cells, chimeric mice usually are produced by injecting ES cells into diploid (2n) blastocysts, which are composed of modified donor cells and cells derived from host embryo. Contribution of donor ES cells to the germline of chimeric mice allows the generation of mouse strains carrying the haplotype of ES cells; however, it remains unclear whether germline transmission occurs in chimeric mice before mating. In general, the production of a mutant strain is a time-intensive task, exceeding 12 months before the analysis of adult mutants can occur. Thus, a time-saving and simple procedure for generating mouse lines from ES cells is needed to further promote functional genomic analysis.
Tetraploid (4n) embryos are not capable of completing normal development independently [2, 3] , but when complemented by the introduction of ES cells, they develop into conceptuses where embryonic lineages are derived entirely from the ES cells and extraembryonic lineages arise largely from the 4n component (4n embryo complementation assay) [4, 5] . Mice derived from ES cells (ES mice) show normal phenotype, growth, and fertility, indicating that ES mice can be used as a founder mouse for establishing mouse lines. Because all germ cells in ES mice are derived from ES cells, germline transmission of ES cells is easier in ES mice than in 2n chimeric mice. Although the methodology for producing ES mice from ES cell lines was described more than a decade ago [4] , its application remains limited because of the extremely low frequency at which viable ES mice are recovered [4] . Thus, improvement of birth rate is needed for the 4n embryo complementation assay to be used as an alternative to the conventional 2n chimeric procedure.
Technical improvement of the technique for producing ES mice was carried out mainly from the viewpoint of establishing ES cell lines; that is, previous research focused on how to generate ES cell lines with a higher potential for producing ES mice. This strategy significantly improved the technique through the discovery that ES cell lines derived from hybrid mouse strains support the development of viable ES mice at a higher degree compared with inbred ES cells [6] . Although the effect of donor ES cells on the production of ES mice has been well studied, the technique still has a limitation in that ES mice can be generated only from specified ES cell lines; that is, it cannot be applied to general ES cell lines, such as the E14 cell line [7] , which is widely used for gene targeting.
If improvement of host 4n embryos can be achieved, the technique will be applicable to any ES cell line. Although to our knowledge the improvement of host 4n embryos has not yet been reported, this may be possible from the viewpoint of the cell number of 4n embryos. The total cell number of 4n blastocysts is 22, whereas that of 2n blastocysts is 69 on average [8] , suggesting that the reduced cell number of blastocysts may cause the low birth rate in ES mice. In the present study, we investigated whether increasing the cell number of host 4n embryos can improve the low success rate of ES mice production. To clarify this, ES cells were aggregated with single (13) to triple (33) host 4n embryos, and the developmental potential of reconstructed embryos was assessed.
MATERIALS AND METHODS

Mice
The BDF1 and ICR mice were purchased from SLC. The green fluorescent protein (GFP) transgenic mouse of ICR background was generated previously in our laboratory via intracytoplasmic sperm injection transgenesis [9] using oocytes and sperm from ICR-strain mice with pCAG-EGFP [10, 11] as the transgene. Ubiquitous expression of GFP was confirmed by fluorescent microscopy using whole or sectioned organs (data not shown). All animal experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Committee of the Laboratory Animal Experimentation of the RIKEN Kobe Institute.
ES Cell Lines
The D3 ES cell line was originally established by Doetschman et al. [12] , and its GFP transgenic cell line (129SV(D3)-Tg(ACTB-EGFP)CZ-001-FM260Osb), which was established using pCAG-EGFP [10, 11] , was kindly provided by Dr. Masaru Okabe (Osaka University, Osaka, Japan). The E14 ES cell line [7] was derived from the inbred mouse strain 129/Ola in 1985 by Dr. Martin Hooper in Edinburgh (Scotland) and was obtained through Dr. Peter Mombaerts (Rockefeller University). The 129B6F1G1 [13] and BDmt2 [14] are nuclear transfer-derived ES (ntES) cell lines [15] previously established in our laboratory using Sertoli cells of 129B6F1 background with GFP and tail-tip cells of a male BDF1 mouse as donor for nuclear transfer, respectively. Male 129B6F1 mice expressing GFP were generated by mating female 129/Sv mice with male C57BL/6 GFP transgenic mice (double-transgenic mouse line [16] constructed using pCAG-EGFP [10, 11] and Acr3-EGFP [17] ).
ES Cell Culture Conditions
The ES cells were grown in Knockout Dulbecco modified Eagle medium (Invitrogen) supplemented with 20% heat-inactivated fetal bovine serum (Sigma-Aldrich), 1000 U/ml of leukemia-inhibitory factor (Invitrogen), and the following reagents: 1% penicillin-streptomycin (Invitrogen), 1% L-glutamine (Specialty Media), 1% nonessential amino acids (Specialty Media), 1% nucleosides (Specialty Media), and 1% b-mercaptoethanol (Specialty Media). Cells were cultured on a gelatin-coated dish under feeder-free condition and split 1:5 or 1:10 every 48 h.
Tetraploid Embryo Complementation Assay
Tetraploid embryo complementation assay was performed as described previously [4, 5] with minor modifications. Briefly, 4n embryos were prepared using zygotes fertilized by in vitro fertilization (IVF) or mating. For IVF, sperm was isolated in TYH medium [18] using the swim-up technique from the cauda epididymis of mature BDF1 males. Cumulus-intact, metaphase II-arrested oocytes (BDF1 background) were inseminated with capacitated sperm (1 3 10 5 cells/ml). After insemination, zygotes with two pronuclei were collected and cultured in CZB medium [19] for 24 h to obtain two-cell stage embryos. To generate 4n embryos with green fluorescence, superovulated ICR females were mated with males that were homozygous for GFP transgene (ICR background [9] [10] [11] ), and two-cell stage embryos were collected from the oviduct. Mating was the preferred method by which to obtain GFP-expressing zygotes, because it reduced the loss of GFP transgenic males. The two-cell stage embryos prepared both by IVF and by mating were electrofused using an electro cell fusion system (Model LF101; Nepagene). Fused embryos were cultured overnight at 378C under 5% CO 2 in CZB medium.
To generate 23 or 33 4n embryos, embryos at the two-or four-cell stage were collected, and the zona pellucida was removed using acid Tyrode solution. Two or three zona-free embryos were placed in small holes of a plastic dish, and a clump of 8-15 ES cells was added to each hole. After incubation of these aggregates in CZB medium for 24 h, they developed to the morula or blastocyst stage, and 10-15 embryos were transferred to a pseudopregnant ICR female (2.5 days postcoitus [dpc]) and then analyzed at 18.5 dpc. Body and placenta weights were assessed in newborn ES mice. The ES mice with open eyelids, abdominal hernia, or large offspring (body weight, .2.0 g) were categorized as abnormal pups.
Assessment of Cell Number of 4n Blastocysts
The cell number of blastocysts was estimated by counting the total number of nuclei and the number of trophectoderm (TE) nuclei using propidium iodide (PI) staining and immunostaining for CDX2, respectively. Cell number for inner cell mass (ICM) was roughly estimated as the total nuclei number minus the TE nuclei number. Briefly, blastocysts cultured for 96 h after insemination were fixed with 4% paraformaldehyde, washed with PBS containing 1% BSA, and incubated with anti-CDX2 monoclonal antibody (1:200; BioGenex). Primary antibody was visualized with goat anti-mouse immunoglobulin G conjugated with Alexa Fluor 488 (Molecular Probes). After immunostaining for CDX2, blastocysts were incubated with PBS containing 1 lg/ml of PI. Serial confocal images were taken using a fluorescence confocal microscope system [20] , and three-dimensional images of blastocysts were reconstructed with MetaMorph software (Universal Imaging Co.). Each of the 10 blastocysts was stained, and cell number was counted to determine total (PI-positive) and TE (CDX2-positive) cell numbers. In some experiments, immunostaining for POU5F1 also was performed following the same procedure for CDX2 staining using anti-POU5F1 monoclonal antibody (1:200; Santa Cruz Biotechnology, Inc.).
Flow Cytometry
FACSaria (BD Biosciences) was used for analyzing cell populations of the brain and liver of newborn ES mice. To identify host 4n cells in ES mice, ES cells (E14 cell line) were aggregated with 4n embryos labeled with GFP. Brain and liver were dissected from newborn ES mice generated from 13 or 33 4n embryos. To prepare a cell suspension, tissue was incubated with trypsin/ EDTA at 378C for 15 min and agitated at 5 min intervals with a micropipette. After adding Dulbecco modified Eagle medium containing 10% fetal bovine serum, cells were washed with PBS and filtered (pore size, 30 lm) before flow cytometry. The presence of GFP-positive cells in the main cell population, characterized by side scatter and forward scatter, was examined. Each of the two ES mice generated from 13 or 33 4n embryos was investigated.
Statistical Analysis
Student t-test and Fisher exact probability test were performed, with the results shown in Table 1 and Table 2 , respectively. A level of P , 0.05 was considered to be statistically significant.
RESULTS
Characterization of 4n Blastocysts Generated by Multiple 4n Embryos
To determine whether the number of cells was increased in the multiple 4n embryos, we examined the numbers of total, TE, and ICM cells in 13 to 33 4n blastocysts. Consistent with a previous report [8] , total cell number of 13 4n blastocysts was reduced compared with that of 2n blastocysts (23.8 6 4.1 vs. 62.3 6 4.8, respectively) ( Table 1 and Fig. 1 , A-A'' and D-D''), whereas increased cell numbers of blastocysts were found in 23 (58 6 5.8) and 33 (80.5 6 11.9) 4n blastocysts ( Table 1 and Fig. 1, B -B'' and C-C''). Cell numbers of TE and ICM cells also were increased in these multiple 4n blastocysts (Table 1) . In addition to cell number, immunostaining for POU5F1 revealed that normal allocation of ICM cells occurred in 23 (data not shown) or 33 4n blastocysts (Fig. 1 , E-E''), suggesting that the specifications of TE and ICM occurred normally in these aggregated 4n embryos. These results indicate that aggregating two or three 4n embryos increases the cell number of 4n blastocysts with normal TE and ICM allocations.
Tetraploid Embryo Complementation Assay Using 23 or 33 4n Embryos
To determine whether the increased cell number of host 4n embryos can improve the birth rate of ES mice, we introduced ES cells into 13 to 33 4n embryos, then transferred the embryos to pseudopregnant females at 2.5 dpc. As shown in Figure 2 , ES cells that express GFP were successfully integrated to 33 4n embryos (Fig. 2, B-B'' ), similar to 13 4n embryos (Fig. 2, A-A'') at the morula stage. The contribution of the donor ES cells to the ICM of the host blastocysts also was similar between the 13 (Fig. 2 , C-C'') and 33 (Fig. 2, D-D' ') 4n embryos (P ¼ 0.68) ( Table 2) .
We found that the birth rate of ES mice via 13 4n embryos was quite low regardless of ES cell line (0-2%) (Table 3) , whereas approximately 1-6% or 0-14% of reconstructed embryos could develop to full term if the ES cell lines were ES MICE VIA MULTIPLE TETRAPLOID EMBRYOS aggregated with 23 or 33 4n embryos, respectively (Table 3 ). In addition, the implantation rate also was increased in the reconstructed embryos using 23 or 33 4n embryos (Table 3) . In the present study, improvement of the birth rate of ES mice was found in three of four ES cell lines (E14, 129B6F1G1, and BDmt2) using multiple 4n host embryos (Table 3) . These results indicated that increasing the cell number of host 4n embryos could improve the birth rate of ES mice. It must be noted that the improvement of birth rate of ES mice was not observed in one ES cell line (EGFP1) even when multiple 4n embryos were used (Table 3 ). This may be caused by the potential of EGFP1 itself rather than being a function of multiple 4n embryos, because the implantation rate of
blastocysts were stained with PI (A-E) and CDX2 (A'-D'). Each of the merged photographs is shown in A'' through E''. A-A'') 1 3 4n blastocysts. B-B'') 23 4n blastocysts. C-C'') 33 4n blastocysts. D-D'') 13 2n blastocysts. E-E'') Blastocysts of 33 4n embryos were stained with PI (E) and POU5F1 antibody (E'). Bar ¼ 100 lm (A''-D'') and 200 lm (E''). EGFP1$4n embryos was markedly higher in 23 or 33 4n embryos (Table 3) .
Characterization of Newborn ES Mice Delivered from Multiple 4n Embryos
We examined newborn ES mice delivered from multiple 4n embryos to determine whether they showed any differences with ES mice delivered from 13 4n embryos. For this, we assessed body weight, placenta weight, and frequency of malformations, such as open eyelids, abdominal hernia, or large offspring syndrome. Our previous study showed that the body and placenta weights of progeny via microinsemination were 1.5 6 0.1 and 0.15 6 0.03 g, respectively [13] . Although body and placenta weights did not differ among ES mice generated from 13 to 33 4n embryos, we observed an increased frequency of large offspring syndrome and hypertrophy of the placenta compared with that in the inseminated progeny (Table 4) . Other malformations, such as open eyelids and abdominal hernia, which are quite rare among the products of microinsemination (Ohta, unpublished observation), also were observed in ES mice. In total, approximately half the ES mice showed some abnormality regardless of the type of host 4n embryos (Table  4) . These results suggest that abnormalities in ES mice cannot be improved even if multiple 4n embryos are used.
Although we succeeded in improving the production of ES mice by using multiple 4n embryos, another possibility is that the contamination rate of host 4n cells was increased in ES mice, because the number of ICM cells also increased in multiple 4n embryos (Table 1) . To determine whether an increased contamination rate of 4n cells in ES mice existed, host 4n embryos labeled with GFP were used for 4n embryo complementation assay to distinguish host 4n cells in ES mice. Overall, 15 ES mice derived from E14 ES cells were generated a No significant differences were found in each value between 13 and 33 4n embryos (P . 0.5).
ES MICE VIA MULTIPLE TETRAPLOID EMBRYOS
from GFP-expressing 33 4n embryos (Table 3) . We could not find obvious contamination of 4n cells in these ES mice by fluorescence microscopy (Fig. 3 , A-C).For further analyses, flow cytometry for GFP-positive cells was carried out using the brain and liver of newborn ES mice of the E14 ES cell line, and the contamination rate of host 4n cells (GFP-positive cells) was compared between ES mice generated from 13 and 33 4n embryos. As shown in Figure 3 , D and E, contamination of 4n cells was quite rare (,1%) in ES mice even if they were generated from 33 4n embryos. These results indicate that host 4n cells cannot propagate in ES mice even when the number of initial founder cells is increased.
Optimization of Number of Host Blastocysts for Generating ES Mice
Although we found that ES mice can be produced efficiently using 33 4n embryos, it was unclear whether this was the most appropriate condition. To test this, we examined the birth rate of ES mice using 43 and 53 4n host embryos. The ES cell line 129B6F1G1 was aggregated with 43 and 53 4n host blastocysts, and the developmental ability of the resulting ES mice was assessed at 18.5 dpc. Of the embryos, 9.1% and 7.4% developed to full term when 43 and 53 4n host blastocysts, respectively, were used (Table 5) . These frequencies are similar to that observed when using 33 4n embryos, and these results suggest that the enhanced performance of the host 4n embryos reached a threshold with 33 4n embryos.
DISCUSSION
Production of progeny directly from ES cells is an important technique for analyzing gene function in vivo. Although the methodology for producing ES mice from ES cell lines was described more than a decade ago [4, 5] , its application remains limited because of the extremely low frequency at which viable ES mice are recovered. In the present study, we succeeded in improving the birth rate of ES mice by using multiple 4n embryos ( Table 3 ) and found that use of 33 4n embryos as host 4n blastocysts is an effective procedure for producing ES mice. Although previous improved methods required specific ES cell lines to generate ES mice [6] , our technique can be applied to any ES cell line generally used for gene targeting (e.g., E14 ES cell line). Another advantage in producing ES mice via the aggregation method is that the technique does not require an elaborate microinjection system and needs far less practice before proficiency is achieved [3, 21] . Thus, ours is more effective and easier to perform compared with other techniques that produce ES mice by employing 13 4n embryos or injecting ES cells into 4n blastocysts using a micromanipulator.
Although we succeeded in generating ES mice using 23 4n embryos (Table 3) , this procedure is not new; it has already been described in the original method of Nagy et al. [4, 5] . In the present study, however, we first examined the effects of cell number of host 4n embryos on the production of ES mice by comparing 13 to 53 host 4n embryos. Our results clearly show that using 33 4n embryos is more efficient than using 13 or 23 4n embryos for the production of ES mice (Table 3) . Notably, further improvement was not observed if 43 or 53 4n embryos were used ( Table 5 ), suggesting that a functional plateau was reached with the 33 4n embryos. Although our technique required additional 4n embryos for reconstructing the one ES$4n embryo, the use of 33 4n embryos is more effective than that of 13 or 23 4n embryos. If the birth rates of ES mice are compared based on the total number of 4n embryos used, then 5 (0.8%) and 12 (1.4%) ES mice were delivered from 613 and 852 tetraploid embryos used in 13 and 23 4n experiments, respectively (Table 3) . Similarly, 1386 tetraploid embryos in 33 4n experiments produced 33 ES mice (2.4%) (Table 3) . Thus, the use of 33 embryos is an effective procedure even if the technique required additional 4n embryos. In addition, generation of ES mice via 33 4n embryos allows a reduction in the number of pseudopregnant females as recipients of embryo transfer.
A previous study using both inbred (6%) and F1 hybrid (18%) ES cell lines as donors [6] showed more complete development following 4n complementation than we observed, probably because of differences in the cell lines used and in the procedures employed to introduce ES cells into the host 4n [6] introduced ES cells by injecting them into the blastocoele of host 4n embryos using a micromanipulator to allow the selection of ES cells based on their morphology; the development of reconstructed embryos with this method may be relatively easier than in the aggregation method that we used. Moreover, the rate of ES mouse production would be affected by the ES cell line used. Indeed, the developmental ability of mice created using the EGFP1 ES cell line was extremely low compared with that of mice created using the E14 ES cell line (Table 3) , even though both cell lines are in a 129 background. It will be necessary to repeat our experiments using the ES cells used by Eggan et al. [6] to clarify the difference between the two studies. Aggregation of multiple 4n embryos increased the cell numbers of not only TE but also ICM cells. Indeed, the ICM cell number of 33 4n blastocysts increased approximately fourfold compared with that of 13 4n embryos (Table 1) . Although the birth rate of ES mice was improved by using 33 4n embryos, it remains unclear whether the improvement was caused by the increased cell number of ICM or TE cells. A simple hypothesis for this phenomenon is that the increased cell number of TE cells enhances the implantation ability and/ or placentogenesis of 4n embryos. This hypothesis also is supported by our data in which the implantation rate of 33 4n embryos is higher than that of 13 or 23 4n embryos (Table 3) . Another possibility is that the increased cell number of host 4n ICM cells may positively affect the early development of ES mice. By increasing the initial number of 4n ICM cells, early formation of 4n embryos may be improved, thus increasing the chance of integration of ES cells into host 4n embryos proper. A possibility also exists that both phenomena mentioned above occurred in ES$multiple 4n embryos. In any case, further investigations are necessary to clarify these mechanisms.
Placental hypertrophy was observed in the ES mice derived from 13 to 33 4n host embryos (Table 4 ). In addition, the placenta weight of the ES mice was quite variable: The minimum and maximum weights were 0.24 and 0.46 g, respectively, for 13 4n embryos; 0.14 and 0.43 g, respectively, for 23 4n embryos; and 0.11 and 0.44 g, respectively, for 33 4n embryos. Although we do not have a clear reason for this phenomenon, our observations indicate that hypertrophy of the placenta occurred to a similar degree regardless of the number of host 4n embryos, suggesting that an initial increase in the number of TE cells does not cause placental hypertrophy in ES mice. It would be interesting to compare the placentas produced using this method with those produced by other means, such as cloning, to clarify the mechanism of placental hypertrophy in ES mice.
The ES mice derived from ntES cells also may be used to generate progeny from somatic cells as an alternative to cloned mice [22] . Animal cloning is still an inefficient technique, and the birth rate of cloned mice usually is only a few percent [23] . Although we have reported that somatic cell nuclear transfer can be improved by trichostatin A treatment [23, 24] , this method remains limited, because it requires fresh somatic cells as donors for nuclear transfer. On the other hand, the success rate of establishing ntES cell lines is relatively higher than the birth rate of cloned mice, and these cell lines have proliferation and differentiation abilities similar to those of normal ES cell lines [25] , providing a sufficient source of donor cells [26] . In the present study, we assessed this strategy for recovering ''ntES mice'' from two ntES cell lines (129B6F1G1 and BDmt2 in Table 3 ), and we demonstrated that the technique described here can be used for generating progeny from ntES cells originally derived from Sertoli (129B6F1G1) and tail-tip (BDmt2) cells. Thus, reconstructing ntES cells$multiple 4n embryos will enable stable production of individuals from somatic cells.
